The development of electroanalytical methods for the detection and quantification of nucleotides in DNA offers vital implications in assessing the degree of oxidation or epigenetic modification in DNA. Unfortunately, the electrochemical response of oligonucleotides is strongly influenced by the size, composition and nucleic base sequence. In this article, an optimized analytical procedure for the enzymatically breakdown of the oligonucleotides to their corresponding nucleotides for the evaluation of the electrochemical response through the use of square wave voltammetry (SWV) is presented. Enzymatic digestion of oligonucleotides has been optimized in terms of buffer composition, digestion time, strategy for stopping the enzymatic reaction and filtration requirement for enzyme removal, and then compared to an established protocol. Under the optimized protocol SWV response of a number of untreated and enzymatically digested six-mer oligonucleotides, namely 5'-GGGGGG-3´, 5'-AAAAAA-3', 5'-CGCGCG-3' and 5'-AAACGC-3' have been analysed, providing a higher sensitivity for the determination of guanosine and adenosine monophosphate species under digestion conditions with a more facile and cost effective procedure. The novel strategy for the enzymatically treated oligonucleotides in combination with the SWV response provides a proof of principle for feasible applications in the diagnosis of methylated guanosine in DNA as a potential biomarker due to its relation with cancer.
Introduction
Nucleotides, nucleosides or nucleobases have been widely studied due to their important role within living organisms. Advances in the study of DNA are being focused on the investigation of molecular processes and the search for practical applications in different fields such as molecular diagnostics, food analysis, pathophysiological disorders, and disease diagnosis and treatment. Particularly, a number of research groups have paid considerable attention to the field of epigenetics which consists in the examination of the external or environmental factors that turn genes on and off, reflecting how cells 'read' them. Epigenetic modifications in DNA result in chemical alterations of nucleobases, without any change in the DNA sequence [1] . In recent years, the investigation of epigenetics has reached a significant importance as it has been linked to different human carcinomas [2] , leukemia [3] , lung [4] , thyroid [4] , pancreas [4] and prostate [5] tumours, amongst others. In this regard, a variety of analytical methods have emerged and developed for the determination of epigenetic modifications, such as bisulphite sequencing [6] , 32P-postlabeling [7] and chromatographic methods coupled to spectroscopic and spectrometric techniques [8] and electrochemical detection [9] . Even though these methods are sensitive, they are time-consuming and have high costs, which make them economically unfeasible for routine implementation. To overcome these drawbacks, novel methodological directions are aiming at the development of sensitive electrochemical sensors. These allow easy measurements, providing rapid and accurate results making them economically viable to be routinely implemented. Nevertheless, it is well-known that electrochemical devices do not display high reproducibility compared to those using separation via chromatographic techniques, and for that reason, extensive effort about the Full Paper ELECTROANALYSIS understanding of nucleic acid electrochemical behaviour is required. Although early works explored the reductive electrochemical behaviour of DNA and its related components [10] , over recent years effort has been paid upon the direct oxidation of nucleobases, nucleosides and nucleotides. Many of these studies are based on the use of carbon materials, due to its higher reproducibility and sensitivity [11] .
Carbon materials are widely employed due to their unique properties in terms of textural, structural and surface chemistry. Not only do these properties clearly affect the electrochemical response of nucleic base derivatives, but also the size and the physicochemical nature of the DNA moiety should be considered. In our previous work different 6-mer oligonucleotides, with the motif 5´-XXXCGC-3´, were used for the investigation of the anodic oxidation at a screen-printed graphite electrode via square wave voltammetry and then compared with the same equivalent concentration of cytosine (C) [12] . Such results exhibited distinct anodic peak intensities for C electrooxidation as a function of the oligonucleotide sequence XXX for the same equivalent concentration of the nucleobase C. Data obtained by Brotons et al. [12] is consistent with those displayed by Pumera´s group where they stated that the electro-oxidation of oligonucleotides is influenced by their position and neighbouring nucleobases [13] . Such electrochemical response was attributed to the steric effect caused by electrostatic interactions between the positively charged electrode surface and the negatively charged phosphate group. Moreover, the electrode interaction between the oligonucleotide and the electrode can cause reorganization of the oligonucleotide at the surface after adsorption and prior to charge transfer [14] . Furthermore, large oligonucleotides generally exhibit low electrochemical sensitivity resulting from conformational problems triggered, on the one hand, by the increased distance between each nucleobase and the electrode surface, and on the other hand, because the diffusion coefficient decreases with increasing DNA residues [12, 15] . In an attempt to solve or minimise the above issue, Kato´s group used a methodology for the determination of methylation grade [16] based on the enzymatic hydrolysis of oligonucleotides by comparing the SWV response of digested methylated and non-methylated 20-mer and 60-mer oligonucleotides, respectively, with a CpG motif in order to reach free deoxyguanine monophosphate (dGMP), deoxycytosine monophosphate (dCMP) and methyldeoxycytosine monophosphate (mdCMP) oligonucleosides, avoiding surface fouling and improving the electrochemical performance of dGMP, dCMP and mdCMP. However, the procedure used by Kato´s group suffers from a lack of electroanalysis immediacy, since the digestion protocol lasts more than 120 min, besides being expensive due to the need of spin columns to remove the enzyme. Even though this group optimised the digestion time for CpG oligonucleotides in the absence and presence of methylcytosine with formidable electrochemical response on the nanocarbon film electrodes, they have not explored the electrochemical response of digested oligonucleotides in the presence of the enzyme, the presence of adenine or thymine in the oligonucleotide and their effect on the enzyme reactivity and, finally, the feasibility of using other enzymes.
In this work we detail a facile and low cost methodology following a similar standardised enzymatic digestion process of a number of model oligonucleotides using disposable screen-printed graphite electrodes (SPGE), which are easily manufactured and low cost mass produced compared with the use of more expensive materials such as boron doped diamond or nanocarbon films. Since each SPGE has only one use, problems such as electrode fouling are avoided. In this paper, the electrochemical response of 6-mer oligonucleotides and the nucleosides monophosphate obtained following an enzymatic hydrolysis have been investigated using the Nuclease S1 enzyme through SWV in acetic/acetate buffer solution pH 5.0. Accordingly, as a proof of concept, several types of 6-mer oligonucleotides consisting of poly(A): 5'-AAAAAA-3', poly(G): 5'-GGGGGG-3', poly(C): 5'-CCCCCC-3', 5'-CGCGCG-3' and 5'-AAACGC-3', have been explored at the SPGE platforms at different concentrations. The relevance of using 5'-CGCGCG-3' oligonucleotide lies in the similarity with CpG islands, which are cytosine-guanine rich regions located within the promoter region of genes, and exhibit an important function in gene regulation [1] . Enzymatic digestion time, temperature, buffer enzymatic composition, the need of removing the enzyme from the enzymatic solution before electrochemical measurements and pretreatment of the SPGE have been explored to get a feasible methodology for the improvement of the electroanalytical determination of free nucleotides monophosphate in DNA.
2-Material and methods

Materials and chemicals
Deoxyadenosine monophosphate (dAMP), deoxyguanosine monophosphate (dGMP) and deoxycytidine monophosphate (dCMP) were obtained from Sigma Aldrich. 6-mer oligonucleotide of A (poly(A): 5'-AAAAAA-3'), 6-mer oligonucleotide of G (poly(G): 5'-GGGGGG-3'), 6-mer oligonucleotide of C (poly(C): 5'-CCCCCC-3') and oligonucleotides 5'-CGCGCG-3' and 5'-AAACGC-3' were obtained at a micromolar scale, purified by HPLC (from Fisher Scientific) and used as received without any further purification. Ultrapure water (Milli-Q 18.2 MΩ cm) was used for all solutions. 0.1 M acetate buffer solutions (sodium acetate, Scharlau Chemie S.A., reagent grade) were prepared by setting pH values with glacial acetic acid (J. T. Backer, 99-100 % purity) and concentrated NaOH (Scharlau Chemie S.A., reagent grade) solutions. Measurements of pH were carried out with a Crison Micro pH 2000 pH-meter. We have also used the commercial buffer recommended for the enzymatic hydrolysis consisting of 200 mM sodium acetate (pH 4.5), 1.5 M NaCl and 10 mM ZnSO4).
The enzyme Nuclease S1 from ''Aspergillus oryzae'' (100 Units/µL) dissolved in a storage buffer solution was purchased from Fisher Scientific. This storage buffer consisted of a solution with 20 mM Trizma hydrochloride (pH 7.5), 50 mM NaCl, 0.1 mM ZnCl2 and 50 % (v/v) glycerol. When necessary, digested oligonucleotide solutions were filtered using a spin column (Amicon Ultra 0.5 mL centrifugal filters from EMD Millipore). Nuclease S1 and oligonucleotide solutions were stored at -20 o C before use.
Fabrication of carbon based screen-printed electrodes
Screen-printed graphite electrodes (SPGE) were fabricated in-house with appropriate stencil designs using a micro-DEK 1760RS screen-printing machine (DEK, Weymouth, UK). A carbon-graphite ink formulation was previously used [17] and was screen-printed onto a polyester flexible film (Autostat, 250 micron thickness). This layer was cured in a fan oven at 60 o C for 30 minutes. Next, a silver/silver chloride reference electrode was included by screen-printing AgCl/Ag paste (Gwent Electronic Materials Ltd, UK) onto the plastic substrate. Lastly a dielectric paste ink (Gwent Electronic Materials Ltd, UK) was printed to cover the connections and define the 3 mm diameter graphite working electrode (projected geometric area of 0.071 cm 2 ). After curing at 60 o C for 30 minutes, the screen-printed electrode was ready to use. Similar SPGE platforms have been electrochemically characterized in a previous contribution [18] , where the electroactive area was determined to be 0.052 cm 2 with a coefficient of variation of 6.22 % (N = 6). Scheme describing different procedure steps for the oligonucleotide enzymatic digestion and sample preparation based on the use of the trade protocol: step 1) Reaction mixture preparation (1 µg of DNA + 6 µL of commercial buffer + 0.1 µL of Nuclease S1 + water up to 30 µL for the enzymatic digestion of a DNA sample); step 2a) Incubation for 30 min. at room temperature; step 2b) Incubation overnight at room temperature; step 3) Addition of EDTA for stopping the enzymatic digestion; steps 3a-c) sample filtration; steps 4b-d) no sample filtration. Black arrows highlight the optimum procedure followed in this work.
Electrochemical measurements.
SWV measurements were carried out using a µAutolab III potentiostat/galvanostat (Metrohm Autolab, The Netherlands) and controlled by GPES software version 4.9 for Windows XP. All experiments were performed at 22 ± 2 ºC.
Unless stated elsewhere, SWV parameters are the following: modulation amplitude, 50 mV; modulation frequency 8 Hz; modulation step (ΔE), 1 mV. All potentials are referred to a AgCl/Ag pseudo-reference electrode. Prior to the electrochemical measurement, a conditioning pretreatment of the graphitic working electrodes was performed, in which the electrode was submitted to five consecutive cyclic voltammetry cycles between 0 and 1.3 V vs AgCl/Ag at 50 mV s -1 in 0.1 M acetate buffer pH 5.0. Thereafter the SPGE platform was thoroughly rinsed with acetate buffer solution before the electrochemical measurement. Generally, 50 µL of the solutions containing a certain amount of untreated and enzymatically treated oligonucleotides of study were placed onto the screen printed electrode and held at 0 V for 5 seconds before starting the SWV measurements. Limits of detection (LoD) and quantification (LoQ) were calculated as three and ten times the noise level, respectively.
Results and discussion
Optimization of the experimental conditions for the enzymatic digestion of oligonucleotides
A number of experimental variables have been evaluated in order to optimise the standard protocol for the enzymatic digestion of oligonucleotides to nucleosides monophosphate. Nuclease S1 degrades single-stranded nucleic acids by cleavage of the phosphodiester bond to release 5'-phosphorylated products (mononucleotides or short oligonucleotides) [19] . According to the specifications of the standard protocol and after the incubation of the enzymatic reaction mixture for 30 min at room temperature (step 2a in figure 1 ), enzyme inhibition has to be performed by adding 2 µL of 0.5 M EDTA solution into the reaction mixture for the complexation of free Zn(II) ions [20] , as depicted in step 3 in Figure 1 ; subsequently the reaction mixture is heated up to 70 ºC for 10 minutes. After inhibiting the enzymatic digestion the final reaction can be also subjected to filtration, as shown in step 3a in figure 1 , to remove the Nuclease S1 or simply the reaction mixture is ready to be explored electrochemically using the SPGE, as described in step 3b in figure 1. It is worth noting that the final reaction mixture is a complex fluid made of a wide number of organic and inorganic compounds, which are required to be explored to assess whether or not they affect the electrochemical response of DNA related components. In that respect, Kato et al. highlighted the need of the removal of the enzyme endonuclease P1 using spin cut-off centrifuge tubes before analysing the electrochemical SWV response of dGMP and dCMP on nanocarbon electrodes through electron cyclotron resonance (ECR) [16] . Even though they efficiently removed the endonuclease P1 enzyme from the final solution they ignored the possible effect of the presence of the enzyme into the buffer upon the electrochemical response with the aim of discarding the step 3a in Figue  1 . Furthermore, for a more practical approach, the use of SPGE devices instead ECR carbon film electrodes displays several advantages in terms of facile and cost effective fabrication. Fig 2 shows the SWV responses of all inherent interferents found during the lysis procedures of the oligonucleotides, such as NaCl (as mentioned above and present in the commercial buffer), ZnSO4 (a cofactor needed for the correct activity of the enzyme which is present in the commercial buffer), Nuclease S1 (which is a single-strand-specific endonuclease that hydrolyses single-stranded RNA or DNA into 5´ mononucleotides), and EDTA (used to stop the hydrolysis reaction). It is worth noting that only the electro-oxidation of EDTA starts at less positive potentials, near +0.4 V. Accordingly, the stronger electro-oxidative current observed during the SWV response utterly interferes with the SWV response of either the nucleotide dGMP and dAMP, as demonstrated in the electronic supplementary information, Figure ESI-1 . Even though the addition of a certain amount of EDTA solution is only required for ceasing the enzyme activity by complexing the Zn 2+ cofactor, in the light of the results, the use of EDTA solution was discarded and the enzymatic digestion step was extended overnight, as depicted in step 2b in Figure  1 . In terms of the electrochemical SWV response, no significant differences were obtained when comparing the use of the trade buffer solution at pH 4.5 (vide supra) and our acetate buffer solution at pH 5.0 (results not shown). Hence, the commercial buffer solution was substituted by 0.1 M acetate buffer solution pH 5.0.
Sample filtration is a common procedure for assessing the electrochemical response after enzymatic digestion in order to remove completely the Nuclease S1 enzyme, as recently was proposed by Kato´s group [16] . The presence of macromolecules can cause a detrimental effect in terms of fouling of the electrochemically active surface area and therefore create a loss of the SWV response. However, even though the removal of the Nuclease S1 might be beneficial for the improvement of the SWV response (of the digested oligonucleotides), cleaning or pretreatment of filter devices is required before using and therefore creates a time-consuming technique. Moreover, the use of filters based upon the polymeric matrix can produce undesirable adsorption of organic molecules thus significantly reducing the amount of analyte. Nevertheless, a comparative SWV response study of both the filtered and non-filtered samples regarding steps 3c and 3d (from the protocol described in Figure 1 ), respectively, is depicted in Figure 3 , where the peak intensity of the enzymatic digested polyG oligonucleotide decreases when the sample passes through the filter, possibly due to adsorption phenomena, thus reducing the final concentration of sample to be measured. Adsorption of dAMP was also demonstrated when polyA oligonucleotide was digested under the same experimental conditions (results not shown). Since Nuclease S1 is electrochemically inactive within a potential window from 0 to 1.0 V, according to the results shown in Figure 2 , filtration of the digested sample was discarded, thereby reducing the analysis time as well as avoiding uncontrolled adsorption of different analytes on the filter device. Figure 4 shows the effect of the thermal treatment used to stop the enzymatic digestion on the SWV response of a 18 µM digested polyG solution. Established protocols indicate that the addition of an EDTA solution together with the heating of the sample solution is recommended to cease the lytic activity, as described in step 3 in figure  1 . Figure 4A shows the SWV response for the electrooxidation of polyG oligonucleotide after digestion and subsequent thermal pretreatment at 70 ºC during 10 minutes. Such SWV reveals an anodic peak at +0.55 V prior to the main electro-oxidation of the dGMP, at a peak potential of +0.79 V. The first and smaller peak is, in part, due to partially thermal decomposition of either the enzyme or the oligonucleotide due to the high temperature. The potential and current peaks associated with the dGMP oxidation are similar when the enzymatic digestion takes place overnight at 25 ºC, as shown in Figure 4B . Interestingly, the peak potential at +0.55 V is not present under these softer conditions. Again, even though the use of thermal treatment is appropriate for stopping the enzymatic reaction, the addition of EDTA still precludes the use of step 3 mainly due to the high interference of EDTA. On the contrary, the use of a more extended digestion, though more time consuming, leads to a complete digestion of the oligonucleotide under softer conditions. Summarising, the assessment of variables involved during the enzymatic breaking down of the oligonucleotides to the corresponding nucleotides such as enzymatic digestion time, addition of EDTA or thermal pretreatment, and the convenience of using filtration has conducted to an optimised protocol in terms of cost effective, low interference effect and easy-handling. This optimised protocol is highlighted in Figure 1 by black arrows and white text. Figure 5A shows the SWV response of the oxidation of both the polyG after the enzymatic digestion (solid line) following the protocol highlighted by black arrows (Figure 1 ) and that prior to the enzymatic digestion of polyG (dotted line). The peak intensity of the oxidation of the untreated polyG (50 µM of oligonucleotide which corresponds to an equivalent concentration of 300 µM dGMP) is 0.37 µA with a peak potential of +0.83 V. In the case of the enzymatically digested polyG, a current peak of 4.9 µA and a peak potential of +0.86 V is obtained (with 18 µM of oligonucleotide and an equivalent concentration of 108 µM of dGMP). It is worthy to observe the improvement of treated oligonucleotide ratio in the SWV response with a peak current to concentration of ~ 40. Moreover, peak potentials remained nearly unaltered regardless of the concentration and treatment of the oligonucleotide.
SWV behaviour of digested polyA and polyG, under optimal conditions.
Figure 5B depicts the SWV response for the electrooxidation of the oligonucleotide polyA, with and without the enzymatic digestion. An anodic peak at +1.18 V attributed to the oxidation of polyA is observed with a current peak of 5.91 µA with 300 µM untreated polyA (with an equivalent concentration of 1800 µM dAMP) compared to a current peak of 9.4 µA with a concentration of 18 µM treated polyA (108 µM dAMP as equivalent concentration). The current peak to concentration of the enzymatic digested polyA ratio is close to 25. The observed improvement in the sensitivity detection of both polyG and polyA can be attributed to a shorter average distance between each electroactive base and the surface of the electrode, giving rise to less conformational impediments together with a diminution of the diffusion coefficient because of the molecular size [12, 21] . 
) (R 2 =0.996) for enzymatically digested polyA. For the free dAMP calibration curve we obtained a limit of detection of 8.08 µM and a limit of quantification of 27 µM and a sensitivity of 0.051 µA µM -1 . In the case of the polyA after enzymatic digestion we obtained a limit of detection of 8.1 µM and a limit of quantification of 27 µM, and a sensibility of 0.057 µA µM -1 . Summarising, both SWV responses depicted in Figures 6 and 7 comparing to the electro-oxidation of enzymatically treated polyG and polyA six-mers with the electrochemical SWV response of free dGMP or dAMP lead to an excellent match in terms of peak potential and currents. Such results demonstrate that the enzymatic protocol established in Figure 1 by black arrows is simple and effective for the sensing of dGMP and dAMP within DNA.
SWV behaviour of enzymatically digested 5´-CGCGCG-3´ and 5´-AAAGCG-3´oligonucleotides.
Next, we turn to the exploration of the SWV of a more complicated oligonucleotide, which simulates a short fragment of CpG island (5´-CGCGCG-3´). Figure 8 also reveals that the electro-oxidation of the deoxycytidine nucleoside monophosphate (dCMP), is not taking place under our experimental conditions or otherwise it occurs close to the electro-oxidation of the background. Such response is similar to that observed when exploring the electro-oxidation of the untreated polyC in 0.1 M acetate buffer pH 5.0 solutions, where an anodic peak is observed at potentials close to +1.1 V, ascribed to the oxidation of dCMP within the oligonucleotide as shown in Figure ESI -2. However, this signal is not observed after the digestion of the oligonucleotide. Similarly, Figure ESI -3A compares the SWV response of the untreated and enzymatic digested oligonucleotide 5´-CGCGCG-3´ in which less positive anodic peak potentials are observed at ca. +0.9 and +1.2 V for the untreated oligonucleotide where the neighbouring effect of dGMP leads to a positive shift of 100 mV for the anodic oxidation of dCMP. On the contrary, only an anodic peak at about 0.9 V for the oxidation of dGMP after digested treatment was observed. Such SWV behaviour can be exclusively attributed to the nature of the carbonaceous electrode. Once again, the evaluation of peak current intensity for a certain equivalent concentration of dGMP of Figure 8 (inset) is half to that value obtained from inset figure of figure 6B .
Finally, we have explored the SWV response of the enzymatically treated oligonucleotide 5´-AAAGCG-3´, obtaining two different peaks centred at approximately 0.82-0.85 V and 1.11-1.15 V, which are ascribed to the electro-oxidation of dGMP and dAMP, respectively, as shown in Figure 9 ; however, again no current peak was clearly observed for the electro-oxidation of dCMP. Summarising, each type of nucleotide can provide a characteristic SWV response with quantitative information about the composition of the oligonucleotide after its enzymatic digestion. Particularly, the assessment of the SWV responses of different oligonucleotides based on CpG islands in genes is of vital importance for the diagnosis of methylation degree. Our developed procedure for the enzymatic digestion of oligonucleotides could unambiguously identify the presence of methylated dGMP. Our previous works performed by Brotons et al. [22] and Sanjuán et al. [23] have demonstrated that the SWV responses of N7-methylguanine and guanine may be distinguished at SPGE platforms and boron doped diamond electrodes, with no interference effect when adenine nucleic base is present. Future work needs to be envisaged for the examination of the electrochemical response of more complex oligonucleotides both including relevant epigenetic modifications, e.g. guanine methylation, and the incorporation of others nucleic bases such thymine within the oligonucleotide sequence.
Conclusions
In this article, the electrochemical response of enzymatically treated 6-mer oligonucleotides has been studied by SWV using screen-printed graphite electrodes (SPGE). The results obtained show a clear improvement on the electrochemical response when enzymatically treated polynucleotides based on dGMP and dAMP nucleotides are used. A facile and cost effective protocol of enzymatic digestion of oligonucleotides has been designed through the use of the Nuclease S1 enzyme. 0.1 M acetate buffer solution pH 5.0, sample overnight incubation at room temperature, no need of using EDTA solutions for ceasing the enzymatic reaction and removal of filtration step have been considered as the most important variables for the optimization of the protocol. Enzymatically treated oligonucleotides have depicted a linear dependence between current intensity and concentration. Remarkably, the electrochemical sensitivity was clearly improved for enzymatically treated samples which may have important consequences for the development of a future electroanalytical method for DNA composition determination. This study provides a proof of principle to employ the voltammetric response of both digested and undigested polynucleotides to acquire information about composition, sequence and concentration of short DNA fragments within a solution using a low cost disposable SPGE.
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